diagnostics were also leveraged in order to probe the three links in the "impurity chain": divertor sourcing, scrape-off layer (SOL) transport, and core plasma contamination [7] .
The first link, tungsten sourcing, is primarily diagnosed on DIII-D and other devices via spectroscopic monitoring of the emission lines of the low W charge states, namely, W 0 and W + (W I and W II light). Line intensities can be related to absolute fluxes of impurity atoms and ions from the plasma-facing surface via the ionizations/photon (S/XB) method [8] , [9] . Systematic studies of low-temperature tungsten spectroscopy in fusion devices were initiated by the ASDEX-U team, which provided the first measurements of W I S/XB coefficients and W sputtering yields from a tokamak divertor [2] . In more recent years, detailed studies of W emission line structure and intensity ratios have been performed [10] , [11] . In addition, fast spectroscopic techniques have been developed to diagnose ELM-resolved W I emission profiles and the corresponding ELM-induced source rate [12] , [13] . For the MRC, it was essential to bring the DIII-D spectroscopic diagnostic suite up to the state of the art developed on these other devices. Other enhancements, notably the development of a dual bandpass filter method for real-time background subtraction from W I filterscope signals, which provided ELM-resolved W I measurements as well as fast W I imaging, providing high spatial resolution, was developed uniquely by DIII-D as described in the following.
II. DIAGNOSTIC HARDWARE AND SETUP
For consistent and comprehensive W plasma-material interaction (PMI) diagnosis, it is essential to determine the tungsten source rate with high temporal and spatial resolution. These measurements were particularly crucial for the MRC. This was primarily accomplished via spectroscopic monitoring of the strongest emission line of neutral W in the visible wavelength range, the W I 4008.75 Å line. To this end, four additional viewing chords for both the filterscope and multichordal divertor spectrometer (MDS) systems were installed on DIII-D. Filterscopes are fast photomultiplier tube (PMT)-based diagnostics used for fast (ELM resolved) time response [14] . The MDS is a high wavelength resolution (0.1 Å) Czerny-Turner spectrometer with ∼80 Å bandwidth and integration times ranging from 100 to 1000 ms [15] .
New views for these instruments were necessary for the MRC for several reasons. First, the existing multichordal viewing systems, while extensive, did not sufficiently cover Fig. 1 . Schematic of the collection lens, collimation optics, and pellicle beamsplitter system used to efficiently couple equal light intensity to the filterscope and MDS fiber optics.
the metal ring locations. Realignment of the existing views was considered detrimental to the long-term (and past) reliability of this highly used diagnostic and therefore deemed undesirable. Second, the transmission of the existing fiber optics has degraded via continual neutron and/or gamma ray radiation over many years particularly on the blue end of the visible spectrum. In addition, the W I line of interest (LOI) is relatively weak in general so maximizing signal level with new fiber optics was crucial. Finally, the sight lines of both systems, while similar, are not perfectly overlapping, which introduces difficulties when cross-calibrations are necessary.
To resolve these insufficiencies, eight (four for each system) high-OH, radiation-hardened optical fibers with a 600 μm fused silica core were purchased from U.S. Fiberoptec Technology, Inc. The attenuation of these fibers was 0.35 db/m at 4000 Å, resulting in ∼60% transmission for the 50-70 m fiber lengths utilized. Four fibers for each system were purchased in order to allow for two views of each metal ring, providing redundancy and additional spatial resolution.
These fibers were coupled to collection optics consisting of 100 mm f/2.8 machine vision lenses. The transmission of these lenses is ∼70% at 4000 Å. In order to precisely replicate the geometry of each viewing chord on both the MDS and filterscope systems, light was passed through a 50:50 pellicle beamsplitter system via a series of collimation lenses (Fig. 1) . It was determined that this method captures ∼85% of the total light intensity relative to terminating a fiber directly at the image plane of the collection lens. Accounting for transmission losses in the lenses, beamsplitter, and fiber optics, the total light efficiency of the collection optics setup was ∼36%. A novel two-filter technique was also developed for each of the four filterscope chords in order to independently resolve the W I emission signal from background light. This technique is described in detail in Section III-B.
Two sets of the lens systems shown in Fig. 1 were installed on both the DIII-D 150R+1 and 150V+1 viewports using ballbearing mounts for precise optical alignment. The resulting viewing chords, measured postmortem using a coordinate measuring machine (CMM), are depicted in Fig. 2 . The R-Z locations of the metal rings themselves (the "floor ring" and "shelf ring") are also shown, as well as the position of DiMES [16] , a removable sample exposure probe. Viewing chords on the shelf ring were essentially vertical and roughly normal to the plasma-facing surface, resulting in circular viewing spots ∼25 mm in diameter very close to the 150°t oroidal location. Viewing chords on the floor ring were inclined at ∼40°with respect to surface normal in order to DIII-D poloidal cross section with sight lines for the spectroscopic diagnostics discussed in this paper overlaid on an equilibrium plasma reconstruction (EFT01). Inset: positions of the metal inserts, DiMES, and identifications of each of the four MDS/filterscope view chords. prevent shadowing by the lower divertor shelf, shown clearly in Fig. 2 (inset), and were incident on the floor ring at a toroidal angle of ∼70°. This variation in the toroidal angle results in some curvature when plotting the poloidal projection of these sight lines (Fig. 2) . Also due to this inclination, the viewing spots on the floor ring were elliptical with a major diameter of ∼28 mm and a minor diameter of ∼17 mm. The radial separation was ∼10 mm between the center line of the floor chords FA and FB and ∼20 mm for the shelf chords SA and SB. Data signals were acquired for the entire mini campaign (about 480 plasma discharges).
In addition, three UV survey spectrometers covering the 2000-4100 Å range were installed on DIII-D for the MRC [17] . These spectrometers were coupled to 78 mm f/3.8 UV fused silica lenses mounted on the 75R+2 port via newly purchased 5 m, 1000 μm core, UV fused silica fiber optics from Molex/Polymicro Technologies. The fiber transmission ranged from >95% for λ > 2700 Å down to approximately 25% at 2000 Å. The viewing chords of the UV spectrometers are also shown in Fig. 2 . The view of the floor ring was partially obscured by the edge of the divertor shelf. These spectrometers were able to measure numerous W emission lines not previously observed on DIII-D, including W I emission lines at 2656.5, 3614, 3617.3, and 3688.8 Å, and a W II line at 3641 Å. Line identification was greatly assisted by the previous work on JET-ILW [18] . More details on the spectrally resolved emission profiles obtained from these instruments during the MRC will be covered in a separate paper.
Tungsten emission information was also obtained using the standard DIII-D filtered camera system known as DiMES TV [19] . A PCO Pixelfly charge-coupled device camera was coupled to a 75 mm f/1.8 lens to image the lower divertor floor using a W I 4009 Å center wavelength (CWL), 15 Å width bandpass filter with a peak transmission >90%. Details on the hardware specifications and setup for this system can be found in [19] . The viewing cone of this W I imaging system is also depicted in Fig. 2 . Similar to the UV spectroscopy system, the view of the floor ring is partially obscured by the divertor shelf. The system was operated with 2 × 2 binning (320 × 240 pixel resolution) throughout the MRC to increase signal-to-noise ratios (SNRs), resulting in an effective resolution of ∼0.1 mm at a framing rate of 100 Hz (10 ms integration time). This spatial and time resolution is allowed for resolving the W I emission profile during and between ELMs in H-mode discharges (Section III-C) as well as images of ELM-induced unipolar arcing on the metal inserts [20] .
III. ANALYSIS AND RESULTS
Each of the diagnostic systems described earlier requires careful absolute calibration, cross calibration, and data analysis to ensure accuracy and proper distinction between W I light, line emission from other impurities, and background [visible bremsstrahlung (VB)] radiation. Such techniques and the resulting tungsten spectral data are presented for MDS, W I filterscopes, and W I imaging in the following, with UV survey spectroscopy deferred to a separate paper.
A. MDS: Spectral Line Identification and Peak Fitting
The new fiber-optics setup described earlier resulted in a ∼7× increase in MDS photon sensitivity in the 4000 Å region relative to the previous optics. While the MDS grating is tunable to any CWL in the visible, it was set to 4000 Å almost exclusively during the MRC to capture the D ε line, the W I 4008.75 Å line, and several other impurity emission lines in the region. The MDS CWL was tuned to 3890 Å for 1-2 shots per day check for potential rising intensity levels of the z 7 P → a 7 S Mo I triplet. No marked increase in Mo I levels were observed throughout the MRC, indicating that the W coating was not depleted from the Mo inserts. The MDS was typically operated with 200 ms exposure time (5 Hz framing rate) and thus was not able to resolve transient phenomena such as ELMs, arcing, and disruptions.
However, the high wavelength resolution of MDS provides a very straightforward distinction between W I emission, other impurities, and VB. This allows for verification that the signals obtained from the fast filtered diagnostics are primarily due to tungsten, not background light. It was generally observed that the W I 4008.75 Å emission line dominated over any other impurity lines within 20-30 Å in either the red or blue directions. A full emission spectrum obtained from the MDS from the SA view during the MRC is shown in Fig. 3(a) . In this case, the W I peak is ∼4× stronger than the next highest peak in the 3980-4040 Å region, the N II line at 3995 Å. The intensity ratio of these two peaks was observed to vary widely throughout the MRC, discussed further in Section III-B. The impurity emission line corresponding to each peak was also identified using the National Institute of Standards and Technology (NIST) database, with the exception of a single peak at ∼4027.3 Å which remains unidentified. Each peak in the absolutely calibrated spectra, shown in the bottom of Fig. 3 , was fit to a Gaussian, with the CWL of the fit constrained to within 0.2 Å of the NIST value.
Other than the W lines in this spectral range, the strongest lines come from low-Z impurities: oxygen, nitrogen, carbon, and helium, which are typically observed for DIII-D discharges. Table I provides an overview of the measured CWLs of all the impurity lines within 25 Å of the W I 4008.75 Å line, which was used as a calibration standard. Almost every peak matches the NIST value within 0.1 Å, which is within the spectral resolution of the MDS. Several fluorine lines were also identified. While F is not a typical DIII-D impurity, fluorinecontaining gases have been injected into DIII-D in the past to study core impurity transport [21] . The most recent F injection occurred approximately six months before the MRC began. We reiterate that good agreement was observed between the CWLs of these F II peaks and NIST values. During the MRC, an experiment was conducted in which nitrogen impurity seeding was introduced to high-power advanced tokamak discharges. The N II 3995 Å line became significantly more intense than the W I emission lines within 100 ms after the N 2 gas puffing begins, as depicted in Fig. 3(b) , and the effect persisted for tens of discharges after N 2 gas puffing was completed. Several new N II lines also appear in the spectra at 4034 and 4041 Å. In such cases, the N II 3995 Å line was sufficiently high in intensity as to significantly contaminate the signal of the fast filtered diagnostics. Efforts to compensate for this effect will be discussed in Section III-B.
The high wavelength resolution of the MDS also allows for characterization of the Zeeman splitting resulting from the DIII-D toroidal magnetic field. For the shelf MDS views, the light-of-sight (LOS) vector was nearly exactly normal to B T , producing a Gaussian-like peak as shown in Fig. 3 and in higher resolution in Fig. 4(b) . For the floor views, where LOS vector was inclined with respect to B T , the π Zeeman components decrease in intensity and the σ components grow more intense relative to the normal (shelf) views. The result for this line is a pronounced splitting effect as displayed in Fig. 4(a) . Such spectra are allowed for a test of the theoretical predictions of the atomic physics (i.e., Landé g-factors) of the W I 4008.75 Å line. Following the discussion in [10] , the 21 individual components of the Zeeman spectra were fit to the observed MDS spectra, using the angle between B T and the LOS vector θ and the MDS instrumental function δλ as free parameters. The magnitude of the toroidal field at the FA location was fixed as this quantity is known extremely accurately from equilibrium fitting reconstructions [22] .
The resulting best fit to the MDS data for both the FA and SA views is shown in Fig. 4 . The Zeeman curve fits extremely well to both line shapes, suggesting that the atomic physics of this line is well understood. The best-fit values for θ are consistent with those obtained via a CMM as discussed in Section II. The best-fit values for the instrumental function of MDS are slightly larger than the directly measured value of 0.125 Å. This could be due to Doppler broadening effects from the Thomson distribution in energy of sputtered W atoms [23] and/or other small impurity lines contaminating this spectral region. This agreement with the theoretical Zeeman shape of these lines also indicates that the W emission is dominated by neutral W sourced directly from the divertor surface, rather than W atoms elsewhere in the SOL where B T is different. The slight asymmetry of the MDS line shape evident in Fig. 4(a) is likely due to the imperfect alignment of the spectrometer slit.
B. Filterscopes: Calibration and Background Subtraction
As alluded to in Section II, a novel method was developed for the DIII-D W I filterscope channels during the MRC in order to distinguish between W I light and background contamination, a topic of active study [13] due to the relatively weak intensity of W I lines. The basic principle of this technique involves splitting light from the same fiber optic (using the same beamsplitter hardware shown in Fig. 1 ) to two different bandpass filters with the same CWL but different full widths at half maximum (FWHM). Several assumptions are invoked as the following.
1) The spectral transmission of the two filters is the same for the LOI. 2) The VB background is constant over the filter width. 3) Signal contributions from lines other than the LOI are minimal.
In such cases, PMTs register the same signal from the LOI, and any differences in signal are due solely to different levels of background pickup. This eliminates the need to perform a shot-by-shot calibration with an external spectroscopy system with the assumption of a constant background level throughout the discharge, as presented in [13] . A cartoon depiction of the ideal situation with perfectly square bandpass filters is provided in Fig. 5(a) . However, this technique is easily generalizable to filters with arbitrary transmission spectra. The corresponding intensity of the LOI I and the background level B 0 is given by
where I 1 and I 2 are the measured light intensities from the two PMT channels, T 1 (λ) and T 2 (λ) are the transmission spectra of the two bandpass filters, and
This technique is applied to actual DIII-D spectra from the MRC in Fig. 5(b) and (c) . Hard-coated, high-transmission, narrow bandpass filters with FWHMs of 10 and 15 Å were custom ordered from Chroma Technology Corp. The convolution of the spectral transmission function (provided by manufacturer specifications) and the MDS spectrum in the vicinity of the W I 4008.75 Å line is shown. It is evident in this ideal case that only the W I lines and the VB background contribute appreciably to the filterscope signal. However, as discussed earlier, in some cases during the MRC assumption [ Fig. 5(c) ] was violated due to the presence of a very intense N II line. In addition, the transmission spectra in Fig. 5 assume light passing through the filters is perfectly collimated. In practice, small divergence angles of the light cone lead to an effective broadening of the filter transmission in the blue direction. Such effects can necessitate compensating for the intensity of a contaminant line, named I c . Additional terms are introduced into (1)
where R 1 and R 2 are the relative transmission of filter 1 and filter 2 at the CWL of the contaminant line, relative to the LOI. In practice, since the exact values of R 1 and R 2 are not precisely known, the coefficients following I c are determined empirically by comparing with measured intensities of the W I line and N II lines in the MDS spectra. Fortunately due to optics setup described in Section II, very precise cross calibrations can be performed between MDS and the filterscopes. Measured values of I 1 and I 2 were binned in 200 ms increments to match the exposure time of MDS, and then, an empirical cross calibration was performed using a leastsquares fitting algorithm. Times when the N II intensity was less than 15% of the W I intensity, and vice versa, are considered poor constraints and excluded from the fit. In addition, times when either the filterscope signals or the MDS signal saturate due to intense transient events like ELMs, arcs, or disruptions are also excluded.
The results of this cross-calibration for the FB view for a full run day during the MRC are shown in Fig. 6 . Here, the bestfit value of R 1 is 0.93, i.e., the transmission efficiency of the N II line is nearly comparable to the W I line. In general, when a contaminant line is significant, an intensity measurement for this line and the LOI is needed to optimally utilize the two-filter background subtraction method. Options to improve the collimation of 4000 Å light in the filterscope PMTs for future campaigns are being investigated. For example, when monitoring W I emission during He plasma bombardment, care must be taken to minimize transmission of the He I 4026.19 Å line (and to compensate for any contamination which does occur).
It is evident from Fig. 6 that this compensation technique described in (2) is effective at removing contaminant lines from the filterscope signal. Excellent linearity is observed between the measured MDS and inferred filterscope signals. Nearly, all the calculated values of W I and background intensity from the filterscopes lie within ±20% of the measured MDS value, except for a few points with low W I signal levels, which the filterscope tends to overestimate. Thus, this crosscalibration procedure, while nontrivial, is considered a robust method for acquiring fast measurements of the W I emission intensity.
To further emphasize the robustness of this method, the evolution of the raw and cross-calibrated filterscope intensities are plotted throughout the entirety of ELMy H-mode shot 167300 in Fig. 7 . In this particular discharge, the outer strike point (OSP) is kept outboard of the rings during the startup phase. The OSP sweeps quickly inboard and then slowly back outboard across the shelf ring, as shown in the bottom panel of The background signal is nonzero both when the OSP is outboard of the tungsten ring and during the sweep across the ring. The W I signal, while fairly noisy, is only nonzero when the OSP is placed on the metal ring and W sourcing is occurring. The SNR from the filterscope W I signal can be dramatically improved via coherent averaging, in which many different identical intra-ELM or inter-ELM periods are averaged together. Such analysis has previously been performed on JET-ILW [24] and DiMES experiments [25] and is also being applied to the W spectroscopy signals from the MRC [6] .
C. W I Filtered Imaging
The primary challenge of interpreting filtered images from a divertor-viewing camera diagnostic is discrimination between background light and emission from the LOI. In [19] , a technique was developed for interpreting W I filtered images from W-coated DiMES experiments. It is assumed that the background radiation pattern is toroidally symmetric, such that an average of the radiation profile upstream and downstream of DiMES represents a reasonable proxy for the background light from the W sample itself. In such a model, the reflectivities of the W and graphite surfaces R W and R C , respectively, are treated as empirical fitting parameters using the constraint that no W I emission is present when DiMES is deep in the private flux region. A similar approach was leveraged for the MRC by placing small graphite breaks in the shelf ring just upstream and downstream of the DiMES toroidal location.
An example image captured by the W I filtered camera is shown in Fig. 8 . Two shelf inserts and two floor inserts, in addition to one of the graphite breaks between the insert in the DiMES tile and a neighboring tile, are clearly visible. Due to the viewing angle of the filtered camera (Fig. 2 ) about 2.5 cm radial width of the floor ring is hidden from view by the edge of the shelf. The absolute intensity of the W I emission profile was obtained via cross calibration with the MDS SA view. Two ∼5 mm wide deposition bands are also evident on the shelf ring; C deposition occurred just inboard of the OSP during reverse B T L-mode discharges. The circular spot corresponding to the same radial location and diameter as the MDS SA view is also highlighted in Fig. 9 , as is the toroidally offset equivalent of this view on the graphite break used for background subtraction. Uniform sensitivity (photons/pixel) across the camera sensor was assumed. Using the constraint of zero W I emission when the OSP is outboard of the shelf ring results in best-fit values for R C and R W of 0.05 and 0.02, respectively, consistent with previous reflectivity measurements of graphite and metal divertor tiles [26] . While this method worked well through the majority of the MRC, after 300+ plasma discharges the fit values of R C and R W began to converge. This may have been due to the buildup of redeposited W atoms on the graphite surface.
Because the camera was operated at a framing rate of 100 Hz (10 ms exposure time), it was possible to resolve the W I emission profile toroidally and radially across the shelf ring during ELMs provided the ELM frequency was <40-50 Hz. As the ELM frequency approaches the framing rate of the camera, it becomes difficult to distinguish the ELM phase from inter-ELM periods because almost every frame includes at least one ELM. For low ELM frequency discharges, intra-ELM W I emission profiles were constructed by summing images from the steady-state phase of the shot which contain a single ELM event, then subtracting the average of the inter-ELM phase images. The results of this analysis for a low ELM frequency case with large ELMs ( W MHD /W MHD ∼ 0.05) are provided in Fig. 9 . The ELMy W I emission profile is 3×-5× larger than the inter-ELM phase but similar in shape. The C deposition bands described in Fig. 8 are clearly evident as sharp troughs centered near R ∼ 141.3 cm and R ∼ 143.3 cm. A finite fall-off length of the W I emission profile is evident at both the inner and outer radial edges of the shelf ring. This fall-off length is related to the ionization length of W atoms, which is predicted to be ∼1 mm in strongly attached DIII-D H-mode discharges [19] .
Finally, in certain discharges, W I filtered images revealed the presence of dense unipolar arcing events on the shelf rings during ELMs and disruptions; more details are presented in [20] .
IV. SUMMARY
Extensive enhancements to the DIII-D W I and W II spectroscopy diagnostic and analysis capabilities were Fig. 9 . Radial profiles of intra-ELM and inter-ELM W I emission intensity on the shelf ring for a discharge with ∼10-Hz ELM frequency, inferred from a fast filtered camera cross-calibrated against the MDS SA view. motivated by the recent MRC. These capabilities focused on characterizing the "workhorse" W I 4008.75 Å line with high spectral (via MDS), temporal (via filterscopes), and spatial (via filtered imaging) resolution. Extensive line identification was performed on MDS spectra, and wavelengths were matched closely to NIST values. The Zeeman shape of the 4008.75 Å line matches well with atomic physics predictions. A novel method for performing fast background subtractions from W I filterscope signals was developed using two bandpass filters with different spectral transmission widths. The robustness of this technique was verified via cross calibration with MDS and through the presence of a W I signal only when the OSP is placed on the metal rings. Filtered camera imaging provides spatially resolved ELMy and inter-ELM W I emission profiles from the shelf ring. These spectroscopic enhancements are being leveraged to develop the physics understanding of PMI-induced tungsten sourcing and its corresponding impact on main chamber impurity transport [6] .
